The time course for the development of the temporal contrast sensitivity function in humans is uncertain. Some studies indicate that temporal contrast sensitivity is immature in infants. However, earlier work suggests that critical flicker fusion is adult-like by 2 months. We traced the development of temporal contrast sensitivity to uniform field flicker in 2-, 3-and 4-month-old infants using a modified preferential-looking technique that employed a rating scale. Two-monthold infants exhibited highest sensitivities at 1 and 2 Hz. Three-and 4-month infants exhibited peak sensitivity at 4 and 8 Hz, respectively. Overall temporal contrast sensitivity increased with age and the peak frequency shifted toward higher temporal frequencies. Using this paradigm, no infant subjects showed responses to 32 Hz, the highest temporal frequencies tested. © 1997 Elsevier Science Ltd.
INTRODUCTION
The temporal contrast sensitivity function (tCSF) in the adult human is characterized by a peak sensitivity in the mid-temporal frequencies, a moderate loss of sensitivity at low temporal frequencies and a severe loss of sensitivity at high temporal frequencies until the critical flicker frequency (CFF), or the rate at which flicker is no longer detectable, is reached. The characteristics of this function depend on the parameters of the stimulus with which it is measured (Hecht & Schlaer, 1936; De Lange, 1958; Kelly, 1961 Kelly, , 1969 Kelly, , 1971 Tyler, 1985) .
Our current knowledge of the development of the human infant's ability to detect and resolve temporally varying stimuli is more limited and the reports are contradictory. Results vary with the technique used to measure temporal sensitivity and between laboratories using similar techniques.
Electroretinogram (ERG) studies of the retinal response in infants indicate that the retinal CFF is mature early in life. Zetterstr6m (1955) and Heck & Zetterstr6m (1958) suggested that adult-like CFF was reached by 2 months. Horsten & Winkelman (1962 , 1964 found that when higher intensity flashes were used a CFF as high as 72 Hz could be recorded at birth.
Visual evoked potential (VEP) studies in infants suggest that the cortical CFF requires a longer maturation period (Apkarian, 1993; Hartmann et al., 1987) . Adultlike responses are obtained after 5 months of age. Behavioral studies using the forced-choice preferential-looking technique (Teller, 1979) have shown that the infant CFF reaches adult levels of close to 55 Hz by 2 months (Regal, 1981) . The tCSF of the 2-month-old infant is lowpass in shape and the overall contrast sensitivity is decreased when measured on a uniform field (Teller et al., 1992) . When using counterphasing gratings as the stimuli, Hartmann & Banks (1992) reported lowpass functions at 1.5 months and bandpass functions at 3 months of age. By 3 months of age the infant temporal contrast sensitivity is still over a log unit lower than adults'. Hartmann & Banks (1992) estimate of the CFF for 3-month-olds is lower by a factor of 1.6 than that obtained by Regal (1981) even after stimulus differences between the two studies are taken into account. Using counterphasing and moving sinusoidal gratings, Dobkins & Teller (1996) also reported low temporal contrast sensitivity in 3-month-old infants. Their extrapolated CFF value appears to be closer to Regal's. Swanson & Birch (1990) reported lowpass tCSF for 4-month-old infants when tested with 1 c/deg grating patches and bandpass functions when tested with 0.35 c/deg grating patches. They report that overall, infants are less sensitive than adults to temporal modulation of these low spatial frequency stimuli.
While these latter four studies differ in their stimulus configurations, all four studies agree that infants are less sensitive than adults to temporal modulation. The immaturity in temporal contrast sensitivity is still present at 8 months of age where the lowest contrast threshold 1747 obtained was 10% at 8 Hz (Swanson & Birch, 1990) . This contrast threshold is considerably poorer than the 1% contrast (Kelly, 1961) or 0.5% contrast (De Lange, 1958) required by adults to detect a 8 Hz flicker.
From these previous studies, the highest resolvable temporal frequency appears to mature early in life while the other dimensions of temporal processing are still immature.
In the study reported here, the development of tCSF to a uniform field was investigated longitudinally and crosssectionally in infants 2, 3 and 4 months of age using a modified preferential-looking technique that employed a rating scale. Infants were tested at a wide range of temporal frequencies, which enabled us to extrapolate the CFF from the tCSF. Our results suggest that the tCSF and CFF are immature in infants.
METHODS

Subjects
Infants were recruited through local diaper services, word of mouth and from local newspaper birth announcements. Only infants who were born within 2 weeks of their due dates were enrolled in this study. Following a complete description of the procedures, informed consent was obtained from the parents.
Twenty-five infants, 2~-months of age were enrolled, of which 14 were female and 11 were male. Gender was not a factor in subject recruitment. Of the 25 infants enrolled, only 20 are included in the data analysis. Five infants provided no data because they failed to produce at least one threshold measurement at any temporal frequency. For those five infants either the testing was aborted due to poor attention and fussiness or their data could not be fit by the maximum likelihood function. Of the 20 infants included in the analysis, five were tested at 2, 3 and 4 months and three infants were tested at 3 and 4 months. All other infants were evaluated at only one age. Three adults provided a comparison.
Stimulus
The stimuli were generated on a Joyce monochrome monitor with a frame rate of 200 Hz using a PDP 11/34 computer. The display was electronically divided in half. Uniform field flicker was presented on the left half, while the right half was held constant at the mean luminance level. Sharp edges were eliminated from the flickering stimulus by weighting the luminance profile of the left half of the display with a two-dimensional spatial Gaussian window. The display measured 22 cm by 25cm and subtended 24degx27deg at the 50cm viewing distance. The stimulus which occupied the left half of the total display was 24 deg x 13.5 deg in size.
The stimulus was presented for 1000 msec within a temporal Gaussian window to prevent transients which occur with abrupt onset of the stimulus. The spread of the temporal Gaussian, or the time period in which the Gaussian falls from 1 to l/e, was 250 msec. The stimulus was sinusoidally modulated at 1, 2, 4, 8, 16 and 32 Hz.
The beginning and end of each trial were signaled by a beep.
The time average luminance of the monitor was 100 cd/m ~-. The contrast of the stimulus was defined as Contrast = (Lma x -Lmin)/(Lmax ~-Lrnin) and its linearity was verified by using a Minolta LS-100 photometer. The luminance of the monitor was found to be linear up to a contrast of 70%. Thus, the highest contrast used was 70%.
A white cardboard screen (2.25m by 1.80m) surrounded the display. Two holes were cut in the surround screen just above the display through which a camera and a light source were inserted. The camera was connected to two video monitors which provided the observer (Author TAR) and the holder with a view of the infant's face. One monitor was placed in the testing room to assist the person holding the baby in positioning the infant in front of the display. When a stimulus was presented, flicker from the display could be detected in the testing room even when not looking directly at the display. In order to prevent the observer from obtaining external cues not associated with the baby's looking patterns, the observer who was making judgments about the baby's looking behavior was located in an adjacent room viewing the second monitor. An infrared filter was placed in front of the light source and the camera lens. This filter prevented the observer from seeing any light from the flickering stimulus on the baby's face as viewed through the video system.
Psychophysical paradigm
A forced-choice preferential-looking procedure which incorporates a signal detection paradigm (Dannemiller, 1994) was used in this study. The signal detection paradigm employed a rating scale task which has been used previously in adult studies (Pollack & Decker, 1958; Green & Swets, 1966; Levi & Klein, t982) . The rating scale method was chosen because it required fewer trials to obtain an ROC curve in the signal detection paradigm than a yes-no procedure. In the rating scale task, the observer rated the responses on a scale of certainty. The different ratings represent different subjective estimates of confidence that signal or noise was presented. Four rating categories were chosen because of the small number of cues exhibited by infants. The four possible responses were:
1. High confidence; flicker was not seen by the infant. 2. Low confidence; flicker was not seen by the infant. 3. Low confidence; flicker was seen by the infant. 4. High confidence; flicker was seen by the infant.
Procedure
The stimulus was always presented on the left side of the monitor, while the right side remained at the average luminance level. In the traditional preferential-looking paradigm, the observer's task is to determine where the stimulus is presented while in the signal detection paradigm, the observer's task is to determine if the The responses ranged from high confidence on the part of the observer that flicker was not seen by the infant, to high confidence on the part of the observer that flicker was seen by the infant. Each entry is the number of trials on which an observer used a specified response.
stimulus is presented. By limiting the presentation of the stimulus to a single side, the observer could look for a consistent pattern of cues from the baby that helps to differentiate flicker (signal) from blank (noise).
The order of presentation of temporal frequencies was counterbalanced. For each temporal frequency, four contrast levels were presented. The observer knew the temporal frequency being presented but not the contrast. The contrast levels varied as a function of the infant's age and the temporal frequency being tested. Contrast levels were selected based on the previous studies (Hartmann & Banks, 1992; Teller et al., 1992; Swanson & Birch, 1990) and preliminary data obtained from a few infants in a pilot study.
A trial consisted of either blanks on both sides of the monitor or a flickering stimulus on the left side and a blank on the right side of the monitor. The order of the stimuli presentation was randomized. Data were presented in blocks of 50 trials at each temporal frequency.
A given block of trials contained 10 trials at each contrast level and 10 blanks. Prior to the presentation of the 50 trials for each temporal frequency, four trials were given as practice trials for the observer and were not included in the analysis. Each infant was not tested at all six temporal frequencies due to poor cooperation.
Infants were either placed in an infant seat or held in front of the display at a distance of 50 cm. The room lights were extinguished. The holder attracted the infant's attention to the display by holding a small bell in front of the display. The observer, located in the adjacent room, pressed the "start" button to initiate the trial when the infant was looking at the display. The toy was then removed from the baby's sight.
The observer was aware of the stimulus position but did not know if the trial contained flicker or a blank. The observer judged whether or not the flickering stimulus was presented. Slight eye and head movements, eye position as determined by corneal reflection of the infra- Contrast (%) FIGURE 1. Values ofd' and the standard errors calculated from the data in Table 1 are plotted as a function of contrast. Contrast threshold is estimated as a d' of 1. By inspection, the threshold is about 20% (shown by dotted line), which does not differ from the calculated contrast threshold (19.8%). red illumination source, blinking and some facial expressions (e.g., eye widening) assisted the observer in determining the infant's visual attention and interest in the display. Due to the observer's location outside the testing room and the use of the infrared filters, there were no spurious stimulus cues available to the observer. When the infant preferred to fixate the left side more than the right, the observer assumed that flicker was presented for temporal frequencies of 1-8 Hz. In general, when blanks were presented on both sides of the display, viewing was not sustained and visual attention was decreased but at 16Hz, a different strategy was employed. Also noted in the pilot study was an avoidance behavior for 16 Hz stimuli by 3-and 4-month-old infants. When the infants avoided looking at the left side of the display, it was assumed that the infant detected flicker. The infants looked indiscriminately at the display when the blanks were presented. Avoidance behavior was not exhibited at 32 Hz. Avoidance or negative preference has been previously reported by Held et al. (1979) . The observer graded the infant's responses on each trial according to the four-step rating scale. The observer then made responses by pressing the appropriate button on the response box and responses were recorded by the computer. Feedback was provided to help the observer detect cues provided by the infant.
Three adults were tested with the same equipment. The rating scale was explained and during the practice trials, adults were encouraged to use all the rating categories. The thresholds were obtained using the same general procedure, except the adults initiated the trials and responded by pressing the appropriate button on the response box.
Data analysis
An example of the data matrix obtained from one 2-month-old infant, Jordan, at 1 Hz is shown in Table 1 . Each entry is the number of trials on which the observer used a specified response. The data were fit with the maximum likelihood function (Dorfman & Alf, 1969) and four d' values were determined, one for each contrast level. The d' values for this infant were 0.36, 1.04, 1.19 and 1.92. Figure 1 shows these d' values and the standard errors plotted as a function of contrast on a log-log plot. it is equivalent to 76% correct in the two-alternative forced-choice (2AFC) procedure (Hacker & Ratcliff, 1979) , a value typically taken as the threshold in previous infant behavioral studies. Contrast threshold obtained by calculation was verified by inspection of the graph as shown in Fig. 1 . Contrast sensitivity was determined as the reciprocal of the contrast threshold. Temporal Frequency (Hz) FIGURE 5. Comparison of the tCSF development from the present study (solid line) with data of Swanson & Birch (1990) , Hartmann & Banks (1992 ), Teller et al. (1992 and Dobkins & Teller (1996) shown by dashed lines at different ages. The solid circles represent CFF results from Regal (1981) .
RESULTS
The data for the ten infants tested at 2 months of age are shown in Fig. 2(A) . The tCSFs for 2-months-olds appear to be lowpass in shape due to high sensitivity at 1 and 2 Hz and minimal sensitivity at 4 and 8 Hz. Only one infant responded to 16 Hz and none of the infants responded to 32Hz. By 3 months of age, tCSF is bandpass due to an increase in the overall sensitivity and a relatively greater increase at 4 Hz. Figure 2(B) shows the results of the 11 infants. More 3-month-old infants responded to 16 Hz flicker. None of the infants tested show responses to 32 Hz stimuli. By 4 months of age, the peak of the bandpass tCSF has shifted from 4 to 8 Hz.
The data for 12 infants tested at 4 months of age are shown in Fig. 2(C) . As seen in the 3-month-old infants, none of the 4-month-old infants tested show responses to 32 Hz stimuli. The averaged data of three adults is shown in Fig. 2(D) along with the averaged infant data at 2, 3 and 4 months of age. Although the peak sensitivity of 4 month-old infants occurs at 8 Hz as it does in the adults, the overall sensitivity of infants is reduced by over 1 log unit compared to adults. None of the babies tested responded to 32 Hz stimuli at the maximum 70% contrast used, while all adults detected this frequency on average at 3% contrast.
Temporal CSFs of three infants tested longitudinally are shown in Fig. 3 . These three infants represent the best, average and the least contrast sensitivity obtained. These individual infants show the developmental trends re-flected in the averaged group data. There is an increase in sensitivity for middle temporal frequencies, the shape of the tuning functions changes from lowpass to bandpass with increasing age and the peak of the tCSF shifts toward middle temporal frequencies as the child ages.
The changes in sensitivity at a given temporal frequency which occur between 2 and 4 months of age may be more clearly visualized in Fig. 4 . Sensitivity at 1 and 2 Hz (open symbols) begins relatively high at 2 months of age and does not change much with age, while sensitivity to 4, 8 and 16 Hz (solid symbols) starts low and increases steadily with age. Multiple comparison test (Tukey) shows a significant increase (P< 0.05) in sensitivity with age at temporal frequencies above 2 Hz. There is no significant difference (P > 0.05) in sensitivity between the age groups at 1 Hz and the only significant change at 2 Hz was noted at 4 months of age.
We determined the CFFs for 2-, 3-and 4-month-old infants by extrapolating the high temporal frequency portion of the CSFs to a contrast of 100%. Thus, the critical flicker frequencies are 13, 20 and 22 Hz, for 2-, 3-and 4-month-olds, respectively. It should be pointed out that the CFF for 4-month-old infants is based on only two points and hence is less reliable.
DISCUSSION
Our data indicate that infants have low temporal contrast sensitivity and decreased temporal resolution compared to adults. The tCSF undergoes systematic changes from 2 to 4 months of age. First, the shape of the temporal tuning function changes with age. The functions are lowpass at 2 months and bandpass at 3 and 4 months. Second, the overall temporal contrast sensitivity improves with age with the greatest changes occurring in the middle temporal frequencies (4 and 8 Hz). By 4 months of age, the peak sensitivity location is similar to adults'. Although sensitivity increases with age, contrast sensitivities for 4-month-old infants are over a log unit lower than those of adults. Third, CFF increases with age. The estimated CFF increases from 13 Hz at 2 months to 22 Hz at 4 months, a value which is still far below adult levels.
These systematic changes in tCSF with age are clearly illustrated in the data of the infants tested longitudinally. Therefore, it is unlikely that the general trend seen in the average data are an artifact of averaging individual functions, as noted by Movshon & Kiorpes (1988) . Figure 5 summarizes the data from this study along with that of Regal (1981) , Swanson & Birch (1990) , Hartmann & Banks (1992) , Teller et al. (1992) and Dobkins & Teller (1996) . In general, the overall contrast sensitivity that we measured was higher than that of Swanson & Birch (1990) ; Hartmann & Banks (1992) ; Teller et al. (1992) but lower than that measured by Dobkins & Teller (1996) . There are several possible reasons for these differences. The difference in sensitivity between our study and Swanson & Birch (1990), Hartmann & Banks (1992) and Dobkins & Teller (1996) may be due to the difference in stimulus conditions. Teller et al. (1992) used a uniform field stimulus with a luminance level of 79 cd/m 2, which is close to the stimulus conditions in our study. However, the data from the two observers in the Teller et al. study are quite different, indicating that low contrast sensitivities obtained may be attributed to the observer's criterion. We used a signal detection paradigm with a rating scale incorporated in the preferential looking procedure while other studies have used the 2AFC technique. However, Dannemiller (1993 Dannemiller ( , 1994 found comparable results between the 2AFC and signal detection procedure, so the procedures used may not have contributed to the difference in sensitivity. Despite the differences in stimulus configuration, sensitivity, and procedure, our results agree with the three previous tCSF studies in that infants have an overall reduction in temporal contrast sensitivity compared to adults and the shape of the tCSF changes from lowpass function at 2 months to bandpass function at 3 months of age.
Comparison with other studies
There remains a discrepancy of the measures and estimates of the infant CFF. Regal (1981) reported that CFF was adult-like at 2 months of age. Our estimates of CFF are, however, consistent with data reported by Hartmann & Banks (1992) suggesting that CFF is still immature at 3 months of age. Almost all 3-and 4-monthold infants in our study exhibited avoidance behavior for 16 Hz stimuli. However, neither avoidance nor preference behavior was observed at 32 Hz, suggesting that these infants could not detect 32 Hz flicker at 70% contrast. Even though we did not test at 100% contrast, the CFF estimate for 3-month-old infants, obtained by extrapolation to a contrast sensitivity of 1, is lower by a factor of 2.5 than that obtained by Regal (1981) . Dobkins & Teller (1996) obtained an estimated CFF of about 48 Hz for 3-month-old infants, a value closer to that obtained by Regal. One must bear in mind that this extrapolation is based on only two data points. Tyler (1985) argued that CFF was limited by the cone outer segment diameter because cone outer segment diameter varied with eccentricity as CFF. Foveal and peripheral cone outer segment diameters seem to be mature at birth (Yuodelis & Hendrickson, 1986; Hendrickson & Drucker, 1992) . Therefore, cone outer segment diameter may not explain the increase in CFF with age. Some of the immaturity in CFF may be attributed to immaturity of the lateral geniculate nucleus (LGN) as full-field flicker sensitivity is thought to be mediated by the magnocellular pathway at high temporal frequencies (Merigan & Maunsell, 1990; Schiller et al., 1990) . In infants, the magno cells in the LGN are immature at birth and reach adult dimensions by 24 months of age (Hickey, 1977) .
Anatomical factors
The decrease in temporal contrast sensitivity may be attributed to the short cone outer segment length (Hendrickson & Yuodelis, 1984; Hendrickson & Druck-er, 1992 ) and the immaturity of the LGN and visual cortex.
The low frequency roll-off of the tCSF is believed to be due to the temporal delay of lateral inhibition (Kelly, 1971 (Kelly, , 1969 . The absence of the bandpass tuning functions in 2-month-old infants may be due to lack of the lateral inhibition mechanisms or the immature inhibition mechanisms in the visual system. It cannot be determined from this study whether the inhibition is cortical, retinal or both.
In summary, our results indicate that infants have low temporal resolution and contrast sensitivity. At 4 months, the infant tCSF is still reduced by more than a log unit compared to adults. At this age, CFF is also significantly reduced compared to the adult. Our results are consistent with the finding that human temporal contrast sensitivity begins lowpass at birth and achieves bandpass temporal tuning by 3 months of age.
